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We present an overview of various theoretical methods with detailed emphasis on an intermediate Coulomb-U 
coupling model. This model is based on material-specific ab-initio band structure from which correlation effects are 
computed via self-consistent GW-based self-energy corrections arising from spin-fluctuations. We apply this approach to 
four isostructural intermetallic actinides PuCoIn5, PuCoGa5, PuRhGa5 belonging to the Pu-115 family, and UCoGa5, a 
member of the U-115 family. The 115 families share the property of spin-orbit split density of states enabling substantial 
spin fluctuations around 0.5 eV, whose feedback effect on the electronic structure create mass renormalization and 
electronic ‘hot spots’, i.e., regions of large spectral weight. A detailed comparison is provided for the angle-resolved and 
angle-integrated photoemission spectra and de Haas-van Alphen experimental data as available. The results suggest that 
this class of actinides is adequately described by the intermediate Coulomb interaction regime, where both itinerant and 
incoherent features coexist in the electronic structure.  
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I. INTRODUCTION  
Dynamic correlation effects of strongly correlated electron systems pose a serious challenge to our theoretical 
understanding of the physical behavior of these materials. Strong renormalization of electronic bands and their spectral 
weight anomaly cannot be accounted for by the density functional theory. Along this line, rare-earth 4f and actinide 5f 
electron systems are particularly challenging due to their low-energy fermionic excitations with heavy electron mass. A 
popular model that accounts for this phenomenon is the Anderson model,
1 where the interaction between localized f 
electron spins and itinerant conduction electrons (mainly stemming from d-orbitals) leads to heavy mass and an interplay 
between Kondo physics, magnetism and superconductivity.
2  
The resulting interaction pushes the system to the 
intermediate Coulomb-U region in which neither the purely itinerant mean-field theory nor the strong-coupling 
Anderson lattice model holds exactly. This twilight zone of intermediate coupling gives rise to prototypical examples of 
strongly correlated electron systems,
3 and provides a platform for the emergence and coexistence of multiple competing 
phases of matter. The observation of universal scaling of the spin-fluctuation temperature Ts versus superconducting 
transition temperature Tc supports further this picture that the Pu-115 compounds lie in between the Ce-based 4f-electron 
heavy-fermion and d-electron superconductors (cuprates and pnictides).
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An advantage of the intermediate coupling method is that the diagrammatic perturbation theory of fluctuations can still 
be applied as long as the Hubbard (Coulomb) U~D, where D is the non-interacting bandwidth.
5,6 
Here one starts from 
the itinerant band picture of electrons where dynamic correlation effects are added perturbatively, giving rise to strong 
electronic structure renormalization. The fluctuation theory becomes exact in the weak coupling regime, but is rather 
complicated to treat in the intermediate regime. Various approaches have been designed to deal with this regime.
7 
In 
this feature article, we present an overview of the intermediate Coulomb-U coupling model based on the self-consistent 
GW formalism of the self-energy within random phase approximation (RPA), and the obtained results will be 
compared directly with various spectroscopies. The material specific ab-initio band structure is used as input to the 
calculations, which plays a very important role in deriving quantitative agreement with experiments. Not only does it 
enable us to obtain a systematic description of the correlation spectrum, but also helps us to study how the high-energy 
correlation spectrum evolves naturally into magnetic, and superconducting ground states, which vary dramatically 
within the same 115 actinide family.
8–10  
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Uranium-based 115 compounds are often contrasted with the rich phase diagram of the isostructural Pu-115 
compounds: PuCoGa5,11 PuRhGa5,12 and PuCoIn5 [Ref. 13] were discovered to be superconducting with 
characteristically varying transition temperature Tc, whereas UTGa5 (T: Fe, Co, Pt)14,15 are magnetic and UCoGa5 is a 
paramagnet,6 yet not a typical Fermi liquid.16 Due to this diversity of ground states within the same family, it provides 
an excellent test bed for applying our approach. In future design of materials properties one might even be able to 
correlate specific electronic ‘hot spots’ in the spectral function with specific ground state properties for controlled 
functionality.  
From experimental side, the photoemission data reveal a strong spectral weight redistribution in the single-particle 
spectrum with a prominent peak-dip-hump structure around 0.5 eV in Pu-115
17 
and similarly in UCoGa5, UNiGa5 and 
UFeGa5.18 This feature was earlier assigned within a phenomenological picture of f-electron duality as the separation 
between itinerant (peak) and incoherent (hump) states of the 5f electrons.
19,20 
We interpret these spectra in terms of the 
spin-fluctuation properties creating a dip in the dressed quasiparticle excitations due to strong scattering in the 
particle-hole continuum. The lost spectral weight (dip) is partially distributed to the renormalized itinerant states at the 
Fermi level (peak), as well as to the strongly localized incoherent states at higher energy (hump). The coherent states at 
the Fermi level can still be characterized as Bloch waves, though renormalized, whereas the incoherent electrons 
appear localized in real space exhibiting the dispersionless hump feature. 
The rest of this feature article is arranged in the following way. We start with a recapitulation of the existing models 
for actinides in Sec. IIA, and then we summarize our intermediate coupling model in Sec. IIB. In Sec. III, ab-initio 
band structure, without correlation, of Pu-115 and UCoGa5 family is discussed, followed by results for the 
momentum-resolved, and momentum integrated spin-fluctuation spectrum, self-energy functional, and the 
corresponding dressed electronic structure. The calculations are compared with integrated (PES) and angular-resolved 
photoemission spectroscopy (ARPES), as well as with de Haas-van Alphen (dHvA) measurements as available in Sec. 
IV. A ubiquitous nature of these behaviors between actinide, high-temperature cuprate superconductors, and 
strontium-ruthenates is also deduced in Sec. IVC. In Sec. V, we discuss the implication of this model, and results to the 
low-energy mass-renormalization and unconventional superconductivity. Conclusions and related future directions are 
given in Sec. VI. Finally, we relate the calculated spin-fluctuation coupling constant λ to the superconducting transition 
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temperature (Tc) as we move across the family, suggesting that spin fluctuations also play a crucial role in the pairing 
mechanism.  
II. THEORETICAL METHODS 
A. Various models of correlated electron systems  
With the rapidly growing computer technology, the development of density functional theory (DFT) [for a review see 
Ref. 21] has led to significant progress in electronic structure theory during the past five decades. In principle, the 
theory is rigorous in describing the ground state properties of electronic systems.
22 
In practice, the exchange-correlation 
functional, which is the most crucial component of the theory, is designed with approximations. Among them, the local 
density approximation (LDA)
23 
and generalized gradient approximation (GGA)
24 
have turned out to be quite successful 
in describing “good” metals and a few semiconductors. However, the LDA-based DFT theory fails badly for two 
important classes of materials, partially filled d-electron based transition metal oxides and f-electron based lanthanides 
and actinides. These classes of materials are broadly termed as strongly correlated electronic systems, in which 
Landau’s Fermi liquid description of dressed single particles often fails to characterize low-lying excitations. It is well 
known that the implemented correlation exchange functionals in the DFT underestimate strong correlation effects of 
electrons.  
During the past two decades, significant progress has been made to overcome the inadequacy of the LDA and GGA 
methods for strongly correlated electron materials. A few correlated band approaches like LDA+U,
25  
hybrid-density 
functional,
26 
and self-interaction corrected local spin-density approximation have been proposed within the framework 
of DFT.
27–29 
To truly capture the dynamical effects, many-body techniques, which were mostly developed in the 
many-body model Hamiltonian community, have been developed to include materials specifics. Two of the most 
notable and currently popular many-body approaches are the first-principle GW approximation,
30,31 
and the 
combination of the dynamical mean-field theory (DMFT)
32–34 
with the LDA.
35 
Within the GW method, the self-energy 
can be formally expanded in powers of the screened interaction W, as such starting from the itinerant limit. Originally 
limited to the electron gas, many applications to real materials like semiconductors and insulators have been reported.
36 
While within the LDA+DMFT method, the effects due to local Coulomb interaction U are treated non-perturbatively 
by mapping a quantum many-body lattice problem onto an effective impurity problem with the conduction electron 
5 
 
bath determined self-consistently.
34 
In the single-site DMFT implementation, the self-energy on the correlated orbitals 
are assumed to be local, which captures quantum temporal fluctuations but not spatial fluctuations. In this sense, the 
LDA+DMFT method
35,37 
is ideal for the description of systems sitting on the localization-delocalization border. The 
LDA+DMFT technique has been applied with remarkable success to transition metals, transition metal oxides, and 
some f-electron materials. For references on this vast topic see Refs. 35,37. More recently, various groups attacked the 
correlation problem of f-electrons in URu2Si2,
38
 CeIrIn5,
39,40 
and in the Pu-115 family.
19,20,41,42 
However, most 
correlated electron systems of interest are in the intermediate coupling regime, where a classification in neither weak 
nor strong regime applies. Which of these methods ultimately gives a better description of dynamic correlation effects 
is a priori unknown, and subject of ongoing research.  
This review focuses on the intermediate Coulomb-U coupling model combined with electronic structure calculations of 
strongly correlated electron materials. We present the basic concepts and computational tools of the RPA based GW 
method for calculating spin-fluctuation dressed electronic states in the intermediate coupling regime, and apply it to the 
intermetallic actinide families of Pu-115 and U-115. We anticipate that with the continuing development of many-body 
methods, the increasing computational power, and development of novel algorithms, researchers will get new tools for 
material modeling that can treat effectively the band renormalization and low-excitation spectrum of strongly 
correlated electron materials as expressed in many actinides.  
B. An intermediate Coulomb-U coupling model  
In the intermediate Coulomb-U coupling model we calculate material-specific properties affected by dynamic electron 
correlations. The input for the many-body self-energy calculations of electron correlations is based on first-principles 
electronic band structures, including spin-orbit coupling within the framework of density functional theory using the 
GGA.
43 
The spectral representation of the Green’s function is constructed as  
    𝐺𝑠𝑝0 (𝒌, 𝑖𝜔𝑛) = ∑ 𝜑𝜇𝑠 (𝒌)𝜑𝜇𝑝∗(𝒌)𝑖𝜔𝑛−𝐸𝜇(𝒌) 𝜇   .                  (1.1) 
                                       
Here 𝜑𝜇𝑖 is the eigenstate for µth-band Eµ projected on the i
th 
orbital. The non-interacting susceptibility in the 
particle-hole channel is calculated by convoluting the Green’s function over the entire Brillouin zone (spin and charge 
bare susceptibility are the same in the paramagnetic ground state):
44,45  
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 𝜒𝑠𝑝𝑞𝑟0 (𝒒,Ω) = − 𝑇𝑁∑ 𝐺𝑠𝑝0 (𝒌, 𝑖𝜔𝑛)𝐺𝑞𝑟0 (𝒌 + 𝒒, 𝑖𝜔𝑛 + Ω)𝐤,𝑛 . (1.2) 
Within the RPA, spin and charge channels become decoupled (we ignore particle-particle as well as weaker charge 
fluctuation processes). In the spin channel, the collective many-body corrections of the spin-fluctuation spectrum in 
RPA can be written in matrix representation: ?̂? = ?̂?0�1� − 𝑈�𝑠?̂?0�−1. The interaction matrix 𝑈�𝑠 is defined in the same 
basis consisting of intra-orbital U, inter-orbital V, Hund’s coupling J and pair scattering J′ terms.
45–47 In our definition, 
the interaction vertex is a tensor of dimension n2×n2 (n is the number of bands) with U and V going to the diagonal 
terms, while J and J′ going to the off diagonals. In the present calculation, we neglect the orbital overlap of eigenstates, 
i.e., we assume 𝜑𝜇𝑖  when i=µ. Such an approximation simplifies the calculation and ?̂?0  becomes a diagonal matrix 
with J = J′= 0.   
 
For calculation of the many-body self-energy in the GW approximation, G represents the Green’s function and W the 
interaction vertex. In this work, we are using a modified or ‘GW-like’ version of the conventional GW approximation. 
First, we are performing only a ‘single-shot’ self-energy calculation, i.e., we are not feeding back the renormalized 
Green’s function into the electronic structure calculation. Second, we are using a phenomenological on-site Coulomb 
U in the spirit of the Anderson model of localized moments coupled to conduction electrons, instead of a 
self-consistent Coulomb potential. In this GW-like approximation we denote the vertex by V, instead of W, and write 
the matrix element of the spin-fluctuation interaction vertex in the fluctuation-exchange  approximation following 
Ref. 48: 
 𝑉𝑝𝑞𝑟𝑠(𝒒, Ω) = �32𝑈�𝑠?̂?′′(𝒒, Ω)𝑈�𝑠�𝑝𝑞𝑟𝑠 (1.3) 
The Feynmann-Dyson equation for the imaginary part of the self-energy in a multiband system with N sites is  
 
𝛴𝑝𝑞
′′ (𝒌,ω)  =
−
1
𝑁
∑ ∑  𝒒𝑟𝑠 ∫ 𝑑Ω∞−∞ Γ(𝒌,𝒒,ω,Ω)𝑉�𝑝𝑞𝑟𝑠(𝒒,Ω) � �𝑛𝐵(Ω) + 𝑓(ω + Ω)�𝐴𝑟𝑠(𝒌 + 𝒒,𝜔 + Ω)    +�𝑛𝐵(Ω) + 1 − 𝑓(ω− Ω)�𝐴𝑟𝑠(𝒌 + 𝒒,ω− Ω) �,   (1.4) 
The quasiparticle spectral function is defined by 𝐴𝑟𝑠 (k,E)= −Im𝐺𝑟𝑠0 (k,E)/π. The quantities 𝑛𝐵  and f are the 
Bose-Einstein and Fermi-Dirac distribution functions, respectively. The vertex correction Γ will be assumed isotropic 
as discussed later. For a more accurate calculation, one needs to account for the anisotropy in 𝑉� (q, Ω). In the present 
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case, where the spin-fluctuation spectrum is only weakly anisotropic (see Fig. 3), it is justified to replace the first term 
in Eq. (1.4) by a momentum-averaged spin-fluctuation function interaction, that is, 〈𝑉�(Ω)   〉 𝒒 = � 𝒂𝟑(𝟐𝝅)𝟑� ∫ 𝑑3𝑞𝑉�(𝒒,Ω). 
This is equivalent to dropping the k dependence of the self-energy, which greatly simplifies the numerical 
self-consistency loop. It then follows from Eq. (1.4) that at T=0, the imaginary part of the self-energy reduces to  
𝛴𝑝𝑞
′′ (ω) ≈ -2∑ ∫ 𝑑Ω
𝜔
0𝑟𝑠
〈𝑉𝑞𝑝𝑟𝑠(Ω)   〉 𝒒 𝑁𝑟𝑠(𝜔 − Ω),               (1.5)  
for ω> 0, where the density of states is given by 𝑁𝑟𝑠(𝐸) = ∑ 𝐴𝑟𝑠(𝒌,𝐸)𝒌 . (For ω< 0, the only changes are that the 
upper limit of the integral is |ω| and the argument of 𝑁𝑟𝑠 is Ω−|ω|, which is <  0.) We use Eq. (5) to compute the 
imaginary part of the self-energy from the first -principles band structure. The real part of the self-energy, 𝛴𝑝𝑞′ (ω), is 
obtained by using the Kramers-Kronig relationship. Finally, the self-energy dressed quasiparticle spectrum is 
determined by Dyson’s equation:  
             𝐺�−1(𝒌,𝜔) = 𝐺�0−1(𝒌,𝜔) − 〈𝛴�(𝒌,  𝜔)  〉𝒌.                        (1.6) 
 
Full self-consistency requires the bare Green’s function 𝐺�0 to be replaced with the self-energy dressed 𝐺� in Eq. (1.6) 
in ?̂?0
 
in Eq. (2) and in the spectral function A in Eq. (1.5). This procedure is numerically expensive, especially in 
multiband systems. Therefore, following the proposal of Markiewicz et al.,
49 
we adopt a modified self-consistency 
scheme, where we expand the real part of the self-energy 𝛴′(ω) = (1−Z
−1
)ω in the low-energy region [ω< 200 meV << 
U], where the imaginary part of the self-energy 𝛴′′
 
∼ 0. The resulting self-energy dressed quasiparticle dispersions 
𝐸�𝑛(k)= Z𝐸𝑛(k) are used in Eqs. (1.1)-(1.6), which keeps all the formalism unchanged with respect to the quasiparticle 
renormalization factor Z. Finally, in lowest order Z introduces a vertex correction, which simplifies the complex vertex 
function to Γ(k, q, ω, Ω) ≈ Z
−1 
according to the Ward identity, relating the vertex function with the self-energy.
50  
 
Our choice of the screened Coulomb term U satisfies the intermediate coupling approximation of U/D ∼ 1. As seen 
from the band structures in Fig. 1(a), the average bare bandwidth for all materials near the Fermi level is of order of 1 
eV. Hence, we set U=1 eV for all compounds, which is below the critical value of a magnetic instability, that is, 
U𝜒0(q,ω = 0) < 1 for all q. Note that our screened U for the spin-fluctuation calculation is smaller than that used in 
LDA+U type calculations, where a larger value of U∼3 eV was introduced into the local orbital basis.
41,42,51  
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FIG. 1. (a) First-principles GGA electronic 
band-structure calculations for various 
Pu-115 and UCoGa5 actinides near EF.
6 
(b) 
Corresponding DOS in the low-energy 
region of present interest. The 
double-arrows mark the relevant 
particle-hole excitations. Insets: Low-energy 
regions of dispersion and DOS showing that 
all materials are related by a rigid shift of 
bands in this energy scale. 
 
III. RESULTS  
A. Ab-initio electronic structure  
First-principles calculations are carried out by 
using the full-potential linearized augmented 
plane wave (FP-LAPW) method as implemented in the WIEN2k code.
52 
The GGA implementation
24 
was used for 
exchange-correlation functionals. The spin-orbit coupling was included in a second variational way, for which 
relativistic p1/2 local orbitals were added into the basis set for the description of the 6p states of uranium or 
plutonium.
53 
For example, the energy spread to separate the localized valence states in UCoGa5 was -6 Ryd. The 
muffin-tin radii were: 2.5a0 for U, 2.48a0 for Co, and 2.2a0 for Ga, where a0 is the Bohr radius. The criterion 
for the number of plane waves was 𝑅𝑀𝑇𝑚𝑖𝑛𝐾 𝑚𝑎𝑥=8 and the number of k-points was 40×40×25. The 
self-energy calculation below was performed with 40 bands to capture the ±10 eV energy window of 
relevance around the Fermi level.  
 
Figure 1 presents the calculated GGA band structure in panel (a) and the corresponding non-interacting density of 
states (DOS) in (b) for all four materials studied here. Zooming into the Fermi level region in the inset, we notice that 
the low-energy band structure remains very much the same shape for all materials. It primarily shifts upward in energy 
when moving along the series PuCoIn5→PuCoGa5→PuRhGa5→UCoGa5. To leading order, this behavior can very 
much be accounted for by a rigid band shift. The Pu-115 compounds show two sharp peaks in the DOS just below and 
above the Fermi energy (EF), which mainly originate from the 5f electrons of Pu atoms. This result is consistent with 
earlier calculations of the partial DOS in Refs. 20, 54, in which we find that the 3d (or 4d) and 4p (or 5p) electrons of 
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FIG. 2. The GGA calculated FSs of PuCoGa5 and UCoGa5. 
The top panel (a) gives the same four FSs for PuCoGa5, 
plotted in angle-view (left) and top view (right). The FSs 
for two different bands of UCoGa5 are separated, for clarity, 
into two figures in the bottom panel (b). The color coding 
(blue to red) reflects the Fermi speed (low to high) or the 
inverse of the density of states. The BZ boxes are centered 
at the Γ point.  
 
the reservoir elements are not important in this energy scale. As the DOS at EF decreases in going to UCoGa5 (see 
magenta lines in Fig. 1), most of the 5f states move above EF , thus reducing the correlation strength to a large extent.  
The Fermi surface (FS) topologies for two representative systems, 
namely of PuCoGa5 and UCoGa5, are shown in Fig. 2. Despite the 
above mentioned overall similarities in the electronic dispersion 
the fermiology between these materials is significantly different as one might expect in a material-specific study. The 
fermiology of the other Pu-115s20 are very much similar to PuCoGa5 and thus are not shown. As demonstrated for the 
band structure and DOS in Fig. 1, the FS for Pu-115 systems consists of two cylinder-shaped pieces at the corners of 
the BZ with lesser three dimensionality. The FS of UCoGa5 is dramatically smaller and highly dispersive along kz. In 
fact for the latter case, none of the FS pieces survive at all values of kz. These differences in FSs will be discussed in 
more details in Sec. VA. We argue that it is responsible for the absence of superconductivity in UCoGa5. Finally the 
results will be compared with de Haas-van Alphen (dHvA) oscillations in Sec. IVE. We note that our GGA 
calculations agree with previous electronic structure calculations,
54,55 
except for the detailed shape of the tube-like or 
pillow-like FS pockets of UCoGa5, which are very sensitive to the location of EF within ∼ 13 meV (or ∼ 1 mRyd).   
B. Momentum and energy dependence of correlation function  
An advantage of the present framework is that, in principle, it can incorporate the momentum dependence of the 
correlation vertex and vertex correction function. We present the full momentum dependence of the computed 
spin-fluctuation vertex, 𝑉� (q,ω), in Fig. 3 plotted as a function of excitation energy along the high-symmetry 
momentum directions. We see that in some cases the momentum-dependence can be large, and the maximum intensity 
can shift along the qz direction. Corresponding momentum-averaged values <V>q are fairly similar for all Pu-115 
compounds, but notably different for UCoGa5. The low-energy peak arises from transitions between the 5f states lying 
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FIG. 4. The computed momentum-averaged 
𝛴′(ω) and 𝛴′′(ω) are plotted in (a) and (b), 
respectively. All peak positions in <V> in 
Fig. 3(b) are shifted to higher energy in 𝛴′′
 
in (b) due to band-structure effects. (c)-(d) 
Schematic energy dependence of the general 
shape of the real and imaginary part of the 
self-energy. 𝛴′ contains a sign-reversal at a 
characteristic energy 𝛴′′ is expected to 
obtain a peak at the energy. (e) A linear 
dispersion is shown to be renormalized by 𝛴′. 
(f) Typical form of the spectral weight map in 
the energy and momentum space due to full 
𝛴 -correction. Arrows have same meanings as 
Fig. 3 
FIG. 3. The momentum- and energy-dependence of the 
spin-fluctuation vertex V(q,Ω) is plotted along 
high-symmetry directions in (a)-(d). Panel (e): The 
corresponding <V(Ω)>q averaged over 3D momentum 
space. All calculations are performed for ±10 eV energy 
window, but results are shown only in the relevant 
energy region. Reproduced from Ref. 6. Arrows dictate 
two peaks in the f-f (low-energy) and f-d (higher energy) 
transition channels. 
just below and above EF (within the RPA, the peak shifts to 
lower-energy), see gold arrow in Figs. 1(b) and 3(e). The 
high-energy hump comes mostly from the transition of the 
second peak in the DOS below EF (hybridized d- and p-states also contribute
54
) to the 5f states above EF as marked by 
the blue arrow in Figs. 1(b) and 3(e). For UCoGa5 most of the 5f states shift above EF and thus intra-orbital spin 
fluctuations do not survive, while the inter-orbital spin fluctuations move to higher energy.  
C. Energy-dependent self-energy and band renormalization  
The coupling of the spin fluctuations to the electron dynamics gives the self-energy correction in Eq. (4). The real and 
imaginary parts of the self-energy Σ(ω) = <Σ(k,ω)>k are plotted in Figs. 4(a) and 4(b), respectively. Note that 𝛴′′(ω) 
shows a peak-dip-hump feature, which is strongly enhanced by the electronic state in comparison with <V(q,Ω)>q. 
Both the low-and high-energy features move toward ω = 0 as the 5f states shift toward EF across the series 
PuCoIn5→PuCoGa5→PuRhGa5→UCoGa5 (for UCoGa5 the 5f states eventually move above EF). The itinerant and 
localized picture of the quasiparticle character in this class of materials is intimately related to the shape of the 
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FIG. 5. (a)-(d): The self-energy dressed 
angle-resolved spectral weight A(k,ω) is plotted 
along high-symmetry momentum directions. The 
peak-dip-hump feature is clearly evident in all 
spectra below 1 eV. Reproduced from Ref. 6. 
The LDA+DMFT calculation of PuCoGa5 from 
Ref. 41 is shown in (e) for comparison. We see 
that DMFT predicts the pile-up of the spectral 
weight around 1 eV (lower Hubbard band) with 
virtually no spectral weight at lower energy. The 
experimental data in Fig. 7 and in Fig. 10, 
however, demonstrate substantial spectral weight 
in the low-energy region, which agrees well with 
the present calculation. Two arrows in panel (b) 
indicate generic dips in the spectral weight, 
related to peaks in the self-energy. 
 
self-energies, as schematically illustrated in the lower panel of Fig. 4. In these systems, the strength of the 𝛴′′(ω) peak 
acquires values that split the overall quasiparticle states into two energy scales; at low energies it induces itinerant 
quasiparticle states, while at higher energies it creates incoherent localized states. The resulting 𝛴′(ω) acquires an 
interesting energy dependence. The peak height of 𝛴′′(ω) is sufficiently large such that it leads to 𝛴′(ω) = 0 at this 
energy, which is possible within the intermediate Coulomb interaction scenario, but not in the weak-coupling regime. 
Below this crossover energy 𝛴′ (ω) > 0, which causes the quasiparticles to acquire mass enhancement with 
quasiparticle weight Z< 1. As a consequence the corresponding bands are renormalized toward the Fermi level. Above 
this characteristic energy 𝛴′′(ω) causes the overall quasiparticle state to sharply drop from Z< 1 to Z> 1 region. At the 
crossover energy, the spectral weight is strongly suppressed due to the peak in 𝛴′′(ω). The obtained shape of the 
quasiparticle dispersion is dubbed ‘waterfall’ or ‘S’ feature due to both its visual and conceptual similarity;
49,56–59 
see 
also Sec. IV C.   
D. Momentum-resolved single-particle spectrum  
The self-energy dressed quasiparticle state is shown in Fig. 5 for all four compounds as a function of energy and 
momentum. In all spectra the pile-up of spectral weight (hot spots) at two or three energy scales is clearly visible. A 
more detailed momentum resolution of the data will be given below. At low energies, when 𝛴′
 
> 0, all quasiparticle 
states are renormalized toward EF. In this energy region 𝛴′′ is small, reflecting that quasiparticle states are coherent 
and itinerant. Above the peak in 𝛴′′, where 𝛴′
 
< 0, quasiparticle states are pushed to higher energy. The lost spectral 
weight from the peak in 𝛴′′is redistributed in both lower and higher binding energies. A similar spectral weight 
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FIG. 6. (a) Computed PES spectra for various Pu-115 and 
U-115 compounds. All theoretical spectra have been 
renormalized by the same scaling factor. The GGA DOS is 
plotted with a much reduced normalization (taken from Fig. 
1(b)) for comparison. Two arrows indicate generic dips in the 
spectral weight, related to peaks in the self-energy in Fig. 4.  
 
redistribution occurs at the second peak (hump) in 𝛴′′ near 2 eV binding energy. As a result further pile-up of spectral 
weight occurs around 1.0-1.5 eV, creating hot spots of new quasiparticle states due to electronic correlations. The 
quasiparticle states in this energy region are incoherent and fairly dispersionless, reflecting the dual aspect of the 
localized behavior of 5f electrons. Qualitatively similar behavior was also found by using the LDA+DMFT method
41 
shown in Fig. 5(e), however, with a weaker renormalization, and significantly less spectral weight near EF compared to 
experiments (Figs. 7 and 10) .  
E. Peak-dip-hump feature  
 
The duality or coexistence of itinerant and localized 
quasiparticles manifests itself as a prominent peak-dip-hump 
feature in the momentum-integrated spectral function or DOS: IP ES = <A(k,ω)>nF (ω), where we neglect for 
simplicity  any matrix-element effects. The results are shown in Fig. 6. As we move across the series from 
PuCoIn5 to UCoGa5 the spectral weight redistribution gradually decreases. This suggests that spin 
fluctuations play a lesser role in UCoGa5 than in the isostructural Pu-115 compounds. We show a direct 
comparison of our theory with available experimental data in Fig. 10 below.  
 IV. COMPARISON WITH EXPERIMENTS 
 A. Angle-resolved photoemission spectroscopy 
  
The subsequent ARPES measurement
16 
in UCoGa5 revealed the anomalous momentum and energy dependence of the 
electronic dispersions shown in Fig. 7, which is in close agreement with the key features of our predictions. Figs. 7(a) 
and 7(b) show the 3D and 2D rendering of the same data, respectively. The dispersion (traces of the intensity peaks), in 
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FIG. 7. Dispersion and measured ARPES 
spectral function anomaly. (a) 3D 
intensity map of UCoGa5 along the M→ 
Γ direction (h, h, 0) in the Brillouin zone. 
(b) Same data plotted as 2D contour map 
and compared to the corresponding 
ab-initio GGA electronic band-structure 
dispersions (black dashed lines). Arrows 
indicate characteristic features in the 
dispersion and spectral weight such as 
regions of dip or peak (see text). All the 
ARPES data are collected at the photon 
energy of 46 eV, with energy resolution 
better than 20 meV. (c) The EDCs are 
plotted for fixed momenta. The curves 
from bottom to top are chosen for equally 
spaced momentum points from M to Γ. 
Arrows have same meaning as in (a). (d) 
MDCs for fixed binding energy. Bottom 
to top curves are chosen from E = -2.1 eV 
to E = 0 eV. The dashed lines are guide to 
the eyes for two extracted low-lying 
dispersions of anomalous character, 
analyzed in Fig. 2.  
Fig. 7(b), reveal a drastic departure of the quasiparticle states from the ab-initio electronic structure calculations 
(dashed lines). More importantly, the associated quasiparticle width at the peak positions is significantly momentum 
and energy dependent. Unlike the renormalized quasiparticle dispersion relation, which is a genuine manifestation of 
many-body correlation effects, the anomaly in the lifetime may have many intrinsic and extrinsic causes and is more 
difficult to assign to a particular mechanism.
60 
We notice that while bare GGA bands are present in the entire energy 
and momentum region, the spectral intensity is accumulated mainly at two energy scales. As mentioned earlier, this 
connection between low and high energy scales is analogous to the so-called ‘waterfall’ or high-energy-kink feature 
observed in single-band cuprates
56–58 
and Sr2RuO4
61 
as compared in Fig. 9, see below. The energy-distribution curves 
(EDCs) of the ARPES intensity at several representative fixed momenta in Fig. 7(c), and momentum-distribution 
curves (MDCs) at several fixed energy points in Fig. 7(d) indicate that the anomaly is markedly different in the energy 
and momentum space, which is a hallmark feature of correlated electron states. The peaks in the EDCs display 
prominent dispersionless features at two energy scales marked by arrows. The lowest energy peak persists at all 
momenta around -80 meV and gradually becomes sharper close to the Γ point. This low-energy feature reveals the 
formation of the long-lived renormalized quasiparticle. The high-energy feature around −1 eV is considerably broad in 
both energy and momentum space. In momentum space it attains a large width, demonstrating that these states are 
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FIG. 8. The real and imaginary parts of the experimental 
self-energy. (a) Two low-lying dispersions derived from the 
peak positions of the MDCs [Fig. 7(c)] along M→Γ. The 
momentum axis is offset by kF for band B1. Dashed lines of 
same color give the ab-initio dispersion (offset from their 
corresponding Fermi momenta values), which help expose the 
degree of anomaly for each dispersion with respect to their 
linear dispersion features. (b) The real part of the self-energy 
measures the deviation of each dispersion curve in (a) from its 
corresponding GGA value. Green arrow marks the location of 
the low-energy kink. (c) The inverse of the MDCs width 
obtained with the help of Fig. 7(c), which is proportional to the 
imaginary part of the self-energy, when the extrinsic background 
contribution is negligible. Different color fillings in all three 
curves (corresponding to band B1) separate the characteristic 
energy scale (marked by magenta arrows). The imaginary part 
attains a peak at the energy where the real part of the self-energy 
changes sign. To demonstrate this behavior we calculate Im Σ 
from Re Σ in (b) using Kramers-Kronig relation and plot is as 
black dashed line in (c). Reproduced from Ref. 16.  
significantly incoherent and are created by spectral-weight depletion near −500 meV due to the coupling to 
spin-fluctuations.  
B. Experimental self-energy  
Embedded in the one-electron self-energy is 
considerable information of the many-body 
correlation mechanism. In principle, this makes 
it a very useful quantity to compare with 
predictions by different theories to identify the 
appropriate approximation scheme for treating 
correlation effects. The determination of the 
self-energy in actinides has so far only been 
achieved for USb2
62 
and UCoGa5.
16 
Here we 
illustrate how to extract two quasiparticle 
dispersion branches by tracing the locii of the 
MDC peaks as shown in Fig. 8(a). To study the 
dispersion renormalization, the common 
practice is to observe the departure of the 
dispersion with respect to the nearest LDA one, 
ξnk (shown by dashed lines of same color). A 
visual comparison reveals a sharp kink in the 
metallic actinide UCoGa5, that is, a change in 
the slope of the dispersion. The low-energy kink 
lies around −130 meV (indicated by green 
arrow), which is higher than that in cuprates (−70 meV).
63 
On the other hand, the kink observed in the actinide USb2 is 
at much lower energy, and thus is most likely caused by electron-phonon coupling.
62 
Furthermore, the high-energy 
kink (−1 eV) poses a ubiquitous anomaly in the 115s similar to the cuprates.
56–58 
On the basis of these comparisons, we 
deduce that the present kink lies well above the phonon energy scale of ∼30 meV for metallic UCoGa5,
51 
and hitherto 
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FIG. 9. The ARPES data for various 
compounds, as different as 
non-superconducting actinide UCoGa5,
16 
high-temperature cuprate 
superconductor Bi2Sr2CuO8+δ,
56 
and 
odd-parity superconductor Sr2RuO4.
61 
The cyan-dashed line guides the eyes on 
how the experimental dispersion  
deviates from the linear bare dispersion 
(blue-dashed line). Arrows indicate 
various characteristic energy scales (see 
text). 
provides a novel system to study the evolution of spin fluctuations in f-electron systems.   
The experimental values of the real and imaginary parts of the self-energy can be derived from the ARPES spectra by 
tracing the peak positions of each band kn as 𝛴′(kn,ω) = ω − 𝜉𝒌𝑛, 𝛴′′(k,ω) ∝ 1/FWHMMDC . Here 𝜉𝒌𝑛 is nth the GGA 
dispersion with respect to its corresponding Fermi energy. The obtained results are shown in Figs. 8(b) and 8(c), 
respectively, for the two extracted bands shown in Fig. 8(a). Taking advantage of the high-precision data, we expose 
two energy scales in 𝛴′
 
(marked by arrows) which are intrinsically linked to the quasiparticle lifetime τ = ħ/(2𝛴′′). In 
addition to the peak at the kink energy, 𝛴′
 
possesses a sign reversal around 260 meV. This is an important feature, 
which imposes the constraint that the corresponding 𝛴′′ should yield a peak exactly at the same energy, due to the 
Kramers-Kronig relationship. This is indeed in agreement with our findings for UCoGa5 in Fig. 8(c), which exhibits a 
sharp peak in the extracted broadening, exactly where 𝛴′
 
(changes sign (marked by green arrow). It is worthwhile to 
mention that in ARPES measurements, the extrinsic source of quasiparticle broadening is typically known to be 
quasi-linear in energy,
64 
while the presence of a peak is a definitive signature of the intrinsic origin of broadening.   
C. Comparison with cuprates and ruthenates   
In Fig. 9, we demonstrate the similarity of the dispersion anomaly in very different systems. The basic concept 
underlying the lineshape of quasiparticle dispersions is that the mass renormalization is strongly energy dependent and 
there exists a crossover where the renormalization changes from positive to negative. This part is illustrated by 
drawing straight lines on top of the ARPES spectral function and studying how they deviate from an idealized linear 
dispersion connecting the top and bottom of the experimental lineshape. We find a surprisingly similar behavior in all 
16 
 
FIG. 10. Computed angle-integrated 
photoemission spectra (solid lines) 
for two actinide materials compared 
with corresponding experimental 
data (symbols of same color). The 
results for UCoGa5 are shifted 
vertically upward by arbitrary value 
for visualization. The relative 
intensity difference between peak 
and hump depends on various 
experimental conditions such as 
photon energy and background. The 
experimental data of UCoGa5 is 
obtained via x-ray photoemission 
spectroscopy (XPS),65 whereas that 
for PuCoGa5 is from synchrotron 
data.17  
three systems, and following the self-energy analysis illustrated in Fig. 8, we can easily see that the extracted real and 
imaginary parts of the self-energy have similar characteristics as obtained in Fig. 8(b) and Fig. 8(c). This means, 𝛴′
 
= 
0 where 𝛴′′
 
peaks, and the dispersion below and above this energy scale are renormalized towards and away from the 
Fermi level, respectively. Without loss of generality, we attribute the origin of this peak in 𝛴′′ to be due to strong 
fluctuations (most likely due to spin fluctuations as in actinides
6 
and cuprates
49,59
), although the microscopic origin of 
fluctuations can be different. These two energy scales yield a ubiquitous peak-dip-hump feature, which is present in a 
number of actinide systems.  
D. Photoemission spectroscopy 
The angle-integrated photoemission spectroscopy can directly probe the 
DOS of the filled states below the Fermi level to the extent that 
matrix-element effects are not important.59 To validate our results, we 
directly compare them with available data for PuCoGa517 at 77 K, and 
x-ray photoemission data of UCoGa565 in Fig. 10. The theory data are 
reproduced from Fig. 6. Our computed results are in good agreement 
with the PES experiments, revealing a ubiquitous presence of the 
peak-dip-hump feature or equivalently of electronic hot spots in the 
momentum-energy space of actinides. Near EF the experiment shows a 
broader feature than theory with less spectral weight, which may be 
related to experimental resolution and theoretical approximations. The 
present calculation slightly underestimates the dip in the spectral 
weight, which stems from the neglect of orbital matrix-elements, 
charge and other fluctuations, as well as the quasiparticle 
approximation in the self-consistency scheme of the calculation of the 
self-energy. The key result is that both the spectral weight loss at low 
energy and high energy are well captured by the spin-fluctuation 
model.  
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FIG. 11. FS maps and dHvA results of UCoGa5. (a) 
FS cuts at six representative kz-values after including 
the self-energy (Σ) correction. (b) Measured FS 
pockets from dHvA oscillations.
72 
In the GGA+Σ 
and dHvA data all the FS pieces labeled ‘a’, ‘b’, and 
‘c’ are well reproduced, while the large tube-like FS 
‘d’ obtained in our calculation around (π/2, π/2, 0) is 
not seen in the dHvA experiment. Reproduced from 
Ref. 16. 
 
The PES data for other actinide based compounds, such as α and δ-phase stabilized Pu,66–69 UNiGa570 also exhibit 
similar peak-dip-hump features. These results suggest that intermetallic actinide compounds and elemental Pu reside 
in the intermediate Coulomb interaction regime.6 In addition, it should be noted that the intermediate Coulomb inter-
action scenario also successfully explains many salient features of high-temperature copper-oxide 
superconductors,5,71 where spin fluctuations are thought to be important.  
E. Fermiology and de Haas-van Alphen oscillations  
The fermiology of the self-energy dressed FS topology 
is presented for several kz cuts in Fig. 11(a). We note 
that the self-energy corrections in the GGA+Σ 
calculation of the dispersion do not make a dramatic 
change to the overall GGA FS maps (shown in Fig. 2). 
The GGA computed FS maps are in accord with 
de-Haas-van Alphen (dHvA) measurements, except for 
the tube-like FS around (π/2, π/2, 0).
72 
In the kz = 0 
plane, we obtain three FSs: at the Γ point (labeled ‘a’ 
FS), at (π, 0, 0) (labeled ‘b’ FS), and around (π/2, π/2, 
0) connecting the ‘Σ’ to ‘S’ points (labeled ‘d’ FS), and 
their equivalent points in the Brillouin zone. In the kz = 
π plane, the ‘a’ and ‘b’ FSs disappear, whereas a fourth 
FS ‘c’ reaches maximum size. After including the 
spin-fluctuation interaction in the GGA+Σ calculation, the spectral weight across each FS varies, but the general 
shape and position of each FS remains very much the same, satisfying the Luttinger theorem for conserved FS 
volume. Only the tube-shaped ‘d’ pocket changed from closed to open orbits along the kz direction due to the 
small shift of the chemical potential to lower energies. This sensitivity to small changes in the electronic structure 
calculation is consistent with earlier reports of closed versus open tube-like pockets.
54,55 
The ‘a’, ‘b’ and ‘c’ 
pockets, seen in the dHvA measurements, are in qualitative agreement with electronic structure calculations, as 
previously discussed by Opahle et al.54, while the ‘d’ FS was not observed. It is possible that the open-loop pocket 
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FIG. 12. Experimental values of Tc and the 
antiferromagnetic transition T* as a function of the 
GGA DOS at EF (theory) and compared with computed 
values of the spin-fluctuation coupling constant λ and 
corresponding Sommerfeld coefficient γ. Reproduced 
from Ref. 6. 
 
‘d’ was masked by the relatively broad fundamental frequency of the ‘a’ orbit. A targeted search for the associated 
dHvA oscillation should resolve the so far missing tube-shaped pocket.  
V. DISCUSSION  
It is important to note that all energy scales of the renormalization and corresponding spectral weight of electronic 
dispersion are related to each other. In other words, the spin-fluctuation induced anomaly at energies as high as 500 
meV, is also responsible for mass renormalization at low energy, and thus in turn affects superconductivity. To see that 
connection, we estimate the coupling constant (mass renormalization) and compare with experiments. 
A. Spin-fluctuation coupling constant and implication to superconductivity  
We calculate the spin-fluctuation coupling constant λ 
from the energy derivative of 𝛴′ . In the low-energy 
region, we obtain 𝛴′(ξk) ≈ −λξk = (1 − Z
−1
)ξk. The 
coupling constant λ follows the same material 
dependence as Tc across the series from 
PuCoIn5→UCoGa5 with its maximum for PuCoGa5. 
Although λ is quite large for PuCoIn5, its Tc is strongly 
suppressed probably due to competition with a 
significantly large impurity phase of PuIn3. In addition, 
Bauer et al.
13 
reported a three to four times larger 
spin-fluctuation energy scale between PuCoIn5 and 
PuCoGa5 by extracting a spin-fluctuation temperature 
from the Sommerfeld coefficient or maximum in resistivity. They further concluded that PuCoIn5 exhibits more 
localized 5f-electron physics due to the 28% enlarged unit cell.
13 
In contrast, our self-consistent self-energy 
calculations do not provide any evidence for these interpretations. We do not see noticeably different spin-fluctuation 
coupling constants between both materials, see Fig. 12. Therefore the origin of these discrepancies may be tied to the 
magnetic properties of the impurity phase PuIn3.  
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Encouraged by the aforementioned analysis, we now focus on delineating the nature of the elementary excitations 
responsible for this anomaly. As mentioned before, both the energy scales and the strength of electron-phonon 
interaction
54,55 
is insufficient to capture our observed dispersion anomalies. We demonstrated that the electron-electron 
interaction due to dynamical spin fluctuations of exchanged bosons can describe the data. In UCoGa5 strong spin-orbit 
coupling from relativistic effects enables substantial spin fluctuations whose feedback results in an increase of the 
electron mass and a shortening of the quasiparticle lifetime.  
B. Comparison with measured Sommerfeld coefficient  
1. PuCoGa5  
Next, we compare our estimation of λ in PuCoGa5 with experimental values. Experimentally, an estimate of λ at the 
Fermi level is obtained by comparing the measured Sommerfeld coefficient with respect to its non-interacting value, γ 
≈ (1 + λ)γ0. For PuCoGa5, we find a GGA value of γ 0=20.5 mJ/mol K
2
, which leads to the renormalized theoretical 
value of γ = 54 mJ/mol/K
2 
with λ =1.4. This calculated Sommerfeld coefficient is only slightly less than the 
corresponding experimental value of 77 mJ/mol/K
2
, 
11 
suggesting that there is room for additional phonon fluctuations 
of about λep ∼ 0.8; a value which is very close to the electron-phonon coupling constant deduced by first-principles 
calculations (λep = 0.7).
51,73 
Note that our calculated coupling constant of λ =1.4 for PuCoGa5 is smaller than the 
calculated value of 2.5 obtained within the LDA+DMFT approximation.
42 
 
2. UCoGa5  
Following the same procedure, we obtain for UCoGa5 the theoretical estimate of the spin-fluctuation coupling constant 
λ =1. The experimental values of γ are between γ =10-21 mJ/mol K
2 
,
8,74 
while the GGA calculated value is γ0=5.8 
mJ/mol K
2 
. The theoretical Sommerfeld coefficient agrees well with the literature
54,55 
and thus gives an experimental 
estimate of λ ≈ 0.7 − 2.6. Therefore, the combination of the calculated spin-fluctuation coupling51,73 constant of λ =1.0 
with the low-energy electron-phonon coupling constant, same λep∼0.7 as for PuCoGa5, adequately describes the 
observed modest electronic mass renormalization in UCoGa5.    
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VI. SUMMARY AND CONCLUSION  
Among the several computational advantages that the intermediate Coulomb-U coupling method provides for 
modeling of real materials is the GW-like perturbative approach with spin fluctuations to actinides, because it has its 
foundation on a diagrammatic description of fluctuations. In this work we focused on spin fluctuations, but the 
formulation is more general to account for charge and pair fluctuations as well. An important outcome of this study is 
the agreement of the self-consistently calculated results with various photoemission, de Haas-van Alphen, and heat 
capacity measurements. We conclude with three key observations: (1) The perturbative approach requires that the 
interaction part or the value of the Coulomb potential U is smaller than the non-interacting electronic bandwidth D. 
Since we start with the first-principles band structure, we can choose a value of U up to a value below the GGA 
bandwidth D as long as it does not introduce an instability in the RPA susceptibility to an ordered ground state. In the 
intermediate Coulomb interaction scheme, we fix Ui ∼ Di for each band (orbital) i. (2) The mass renormalization of the 
quasiparticle obtained via the self-energy Σ at the Fermi level is related to the shape of 𝛴′′, that is, to the quasiparticle 
lifetime due to the Kramers-Kronig relationship. The energy scale and the strength of 𝛴′′
 
are the key factors that 
determine the characteristics of the correlation effects of a given material. In the weak-coupling regime, the peak 
height of 𝛴′′
 
is typically less pronounced and thus often gives a negligible amount to the width of the quasiparticle 
lineshape. As this study has shown, the quasiparticle states near the Fermi level in the 115 actinides can be well 
described within the itinerant picture with a modest mass renormalization, consistent with Fermi liquid theory and spin 
fluctuations. (3) In strong-coupling approaches like the DMFT method, the peak in 𝛴′′ is pronounced, thus it may lead 
to an overestimation of the spectral weight loss in the low-energy region. However, more importantly single-site 
DMFT lacks the momentum dependence of the self-energy compared to the GW method.   
In summary, the intermediate Coulomb-U coupling method offers an opportunity to address the complex nature of the 
dynamic band renormalization in actinides. This is not unexpected for materials with itinerant electrons, since similar 
theories based on the coupling between spin fluctuations and electrons are among the leading contenders for explaining 
the origin of high-temperature superconductivity,
75 
itinerant magnetism, and other emergent states of matter in d- and 
f-electron systems.
7,76 
In addition, spin fluctuations in 5f-electron systems are a manifestation of relativistic effects due 
to spin-orbit split states of order ∼0.5 eV. In fact, spin-orbit coupling may provide a novel electronic knob to tune the 
interaction strength and characteristic frequency of the mediating boson. We hope that our results for the self-energy 
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will motivate efforts to identify generic dispersion anomalies and ‘waterfall’ physics in a larger class of actinide and 
heavy-fermion compounds.  
In the future it will be interesting to extend the intermediate coupling calculation to a wider range of the 115 
family14,15,77 and the so-called 122 family
78,79 
of actinides to understand and predict their correlated electronic structure 
and anomalous ground state properties. It should be noted that the unsolved mysteries in the 122 materials like the 
‘hidden order’ phase in URu2Si2
38,80
, or the unusual Fermi surface reconstruction in YbRh2Si281, call for models that are 
sophisticated enough to incorporate the high-energy fluctuation phenomena and strong spin-orbit coupling for 
generating spectral weight ‘hot-spots’, which are responsible for the emergence of broken symmetry phases80 in the 
low-energy region.  
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